Triangular grid reinforced by carbon fiber/epoxy (CF/EP) was designed and manufactured. The sandwich structure was prepared by gluing the core and composite skins. The mechanical properties of the sandwich structure were investigated by the finite element analysis (FEA) and three-point bending methods. The calculated bending stiffness and core shear stress were compared to the characteristics of a honeycomb sandwich structure. The results indicated that the triangular core ultimately failed under a bending load of 11000 N; the principal stress concentration was located at the loading region; and the cracks occurred on the interface top skin and triangular core. In addition, the ultimate stress bearing of the sandwich structure was 8828 N. The experimental results showed that the carbon fiber reinforced triangular grid was much stiffer and stronger than the honeycomb structure.
Introduction
Fiber sandwich grid construction has been increasingly used in applications requiring high stiffness/high strengthto-weight ratio materials [1] . Sandwich structures generally consist of different cores in the middle which keep the two skins (top skin and bottom skins) apart from each other to provide a sandwich construction with high flexural stiffness and strength in a relatively lightweight structure [2] .
In a sandwich structure, skins commonly carry most of the bending loads, whereas the core mainly bears the transverse shear and normal loads. Moreover, sandwich structures may fail by different modes such as face yielding, face wrinkling, core yield, indentation, and delamination depending on their geometries and material properties [3] [4] [5] . Therefore, the selection of materials and the geometry of sandwich cores result in different failure mechanisms. The geometrical shape optimization for a grid structure has been recently analyzed in literature. The cores of the sandwich structures are conventionally made of foams or honeycombs, and some studies have shown the higher weight efficiency of grids structures than that of foams [6] [7] [8] [9] . Xiong et al. [10] introduced pyramidal truss cores, and the fracture of the struts is the weakness of the bended structure. Hou and Gramoll [11] have developed the automated filament winding process to fabricate Kagome and triangular conicalcomposite-lattice structures, and the strength-to-weight ratio in the triangular grids was twice as high as that in the Kagome grids. Han and Tsai introduced interlocked grid structures [12] with glass fiber ribs. Grids could have ribs running in several directions for multidirectional loading. Fan et al. aimed at extending an equivalent continuum method to analyze the three-dimensional lattice structures focusing on their effective stiffness, strength, and plastic yield surface. They concluded that the stretching dominated lattice materials were still much stiffer and stronger than the bending dominated cellular materials [13, 14] . Several studies on the honeycomb structure have shown that both the stiffness and strength are governed by the adjacent cell wall bending for all loading [15, 16] . In these structures, some cell faces are so thin in the honeycomb structure that their contribution to stiffness and strength is small [17] . Two types of cell joints and shuts differentiated by the transverse shut in a triangular grid core are shown in Figure 1 . Honeycomb can be treated as a connected set of pin-jointed struts, and consider the pin-jointed frames shown in Figure 1(a) . The struts about joints and the frame collapse at a high loading capacity. Moreover, these characteristics in the honeycomb structure are deteriorated by the adjacent hexagonal structure (honeycomb structure), with only three shuts crossing over at a joint instead of six (in triangular grid structure). The triangulated frame shown in Figure 1 (b) is a new structure. A comparison of the triangular core with the honeycomb sandwich structure is worth exploring.
In the previous studies, honeycomb sandwich structure was studied according to the compression molding and gluing methods [18] . The results indicated that composite honeycomb sandwich possessed the excellent dynamic performance. The honeycomb sandwich structure is a low weight material for given structural requirement but suffers from several limitations. In this study, a carbon fiber reinforced triangular grid core is designed and manufactured to compare the mechanical properties with CF/EP honeycomb composite sandwich structure. A 3D FEA model was developed to perform the sandwich failure region, and the mechanical behaviors of the sandwich structure are tested by the threepoint bending method. Finally, the failure mechanism and mechanical properties of the new structure core are also discussed.
Experimental Techniques
2.1. Materials. In this structure, COCA401 silicon rubber was used by mould. Honeycomb and triangular core were prepared from T700 carbon fibers and epoxy resin as the materials, and the composite mechanical properties of T700/epoxy resin are listed in Table 1 . CF/epoxy wave beam in the honeycomb sandwich structure was prepared by the compressing molding technique (wave length of the beam is 30 mm). The triangular core shown in Figure 2 (a) was manufactured by the hand-molding and by vacuum-bag molding methods. The first layer of CF/epoxy is 0 ∘ ; the second layer is 60 ∘ ; the third layer is −60 ∘ ; and the fourth layer is 0 ∘ . The triangular core consisted of up to 100 layers (the core thickness is 15 mm). The sandwich skins were fabricated by the compressing molding technique with a thickness of 1 mm. Sandwich structure was prepared by gluing the core and skins together, and the total thickness of the sandwich structure was 17 mm. The assembly was placed in a vacuum bag thus completing the manufacturing process with a curing process of 80 ∘ C/2 h + 120 ∘ C/1 h + 150 ∘ C/1 h. The properties of skins and cores are listed in Table 2 . 
Static Test in Three-Point
Bending. The specimens were subjected to three-point bending using a universal testing machine (DDL50, Changchun Mechanical L.T.D) according to GB/T 1456-2005 protocol at a span length of 160 mm as shown in Figure 3 . Load is applied at a constant speed of 2 mm/min. The specific core shear stress and sandwich flexural stiffness were calculated according to (1) and (2). The core shear stress was calculated using the following equation:
= core shear stress, MPa; = load, N; = sandwich width, mm; ℎ = sandwich thickness, mm; = facing thickness, mm; = core shear modulus, MPa; = facing elastic modulus, MPa.
The sandwich flexural stiffness is as follows:
= sandwich flexural stiffness, N⋅mm 2 ; = overhanging arm length in mm; Δ = increasing load Δ of loading-deflection curve initially, ; = span length, mm; and 1 = increasing deflection value corresponding to Δ in mm.
Finite Element Analysis

Finite Element Modeling.
The following analysis is focused on the sandwich structure. The finite element analysis method was used to characterize the materials principal direction stresses distribution in the sandwich structure. The sandwich part is composed of a CF/EP composite core (length: 320 mm, width: 104 mm) and two skins with a thickness of 1 mm and the wall thickness in the core is also Figure 4 (a). The core and two skins are glued together as a whole volume. The perfect bonding between the skins and grid core is assumed. The symmetric constraints are applied on the bottom of the supports and the increasing pressure is applied on the indenter. The 3D eight-node solid element SOLID 46 is adopted to mesh the CF/EP composites model as shown in Figure 4 (b).
Failure Criteria Composite Materials.
In this study, TsaiHill failure criteria [20, 21] , as shown in (3), were used to characterize the damage region in the sandwich structure. Composites will fail if 1 , 2 , or 12 satisfies the following equation:
1 and 2 are the on-axis stresses in the longitudinal and transverse directions; 12 is the on-axis in-plane shear stress; is the longitudinal tensile stress; is the transverse direction; and is the in-plane shear strength.
Results and Discussion
Finite Element Analysis.
The distribution of the principal direction stress on the full sandwich structure when suffered from 11000 N bending load is shown in Figure 5 , indicating the failure elements and stress distribution. Some failures predict that the sandwich structure starts to enter into the matrix cracking deformation stage when the materials principal direction stresses in some elements reach the yielding strength under 11000 N. Figure 5(a) the 1st principal stress (the maximum principal stress) is 102 MPa, and some failures are obviously located at the loading region from the top skin in Figure 6 . The 1st principal stress in the top skin is 60.2 MPa. The results also indicate that the stress concentration is located at the supporting region. The top skin is commonly known to suffer from the compression stress and, by comparison, the bottom skin bears tension stress during the bending load process. A tendency of failures occurring near the indenter indicates that the indenter makes the top skin more susceptible to stress concentrations developed in the top surface region. Figure 7 shows that the triangular core occurs on severe destruction under the indenter, demonstrating that the core reached yielding strength suffered from 11000 N load. Although there are no failed elements existing in the bottom skin, the principal stress appears in the region damaged in Figure 8 . The number of core shear cracks appears to be followed by several damages on top skin. In conclusion, the failure mechanism at the top skin is face yielding; core shear failure dominates the failure mechanism in the triangular grid core.
As the stress concentrations develop to some extent, the triangular grid sandwich structure will completely lose its load-bearing capacity and ultimately collapse. Therefore, the FEA indicates that the failures occur by localized collapse of the interface between the triangular grid core and composite top skin directly beneath the indenter. Figure 9 shows the typical load-deflection curve obtained under static three-point bending on the sandwich structure. After the structure enters into the plastic deformation stage, the nonlinear damage initiation is made by debonding instability as shown in Figure 10(b) . The weakness of the sandwich structure lies in the adhesion strength between the skins and core from Figure 10(b) . Therefore, the weakness of the sandwich grid structure leads to a sudden drop of load in the bending curve from 8818 N to 6000 N as shown in Figure 9 . The face wrinkling failure shown in Figure 10(b) indicates that debonding is a weakness of the carbon fiber reinforced sandwich structure. The top skin is also compressed during bending. As the displacement increases, the top skin tends to damage because of the failure adhesion to the grid core. Owing to the scatter in the adhesion strengths, two large different peaks of the load-deflection curve emerge. Although a top skin fails, the bottom skin and the core are also still adhered together; therefore the increasing loading is supported by the sandwich structure including the bottom skin and the core. As the displacement continues, the grid core bears larger force than before, thus resulting in a core failure from Figure 10 (c). Therefore, the core shear failure leads to another abrupt drop in the peak loading capacity of the sandwich structure. Finally, the ultimate collapse sandwich structure still offered subdued loading capacity of 5300 N or 60% of the peak loading. In conclusion, these effects are clearly observed in the load-deflection curve and produce an abrupt load loss of 8828 N as the loading capacity. The predicted loading capacity (11000 N) in FEA (higher than the value reported for the experimental result of 8828 N) is at least 24.6% higher than the strength measured from the experiments. The perfect bonding between the skins and triangular core in the FEM model is known. In fact, there are fiber voids defect in some cores because of uneven epoxy resins distributions. Many fiber voids defect (in Figure 11 ) occur during the curing process in the manufacturing and may detrimentally weaken the mechanical properties of the sandwich structure.
Sandwich Structure Mechanical Performance.
Triangular core (including three specimens) and honeycomb sandwich structure stress and strain curve, discussed previously, are shown in Figure 12 . The maximum and minimum stresses of the triangular core are 39.07 and 34.63 N/mm 2 , respectively, which are higher than those of the honeycomb sandwich structure (28.80 N/mm 2 ) of the same size as listed in Table 3 . From the measured data shown in Table 3 , the bending stiffness and core shear stress of the triangular grid core are also still higher than those of the honeycomb with the same size. Triangular core 3 failed at 9766.97 N, and the weight of this specimen was 115.01 g. The strength-to-weight ratio was 84.92 N/g and was approximately twice as high as that of the honeycomb sandwich structure. Overall, the carbon fiber reinforced triangular grid International Journal of Aerospace Engineering sandwich structure exhibited better mechanical performance than that of the honeycomb structure.
Conclusions
A 3D finite element model of the triangular grid sandwich structure is established to simulate the failure of the sandwich structure by the Tsai-Hill failure criteria. According to threepoint bending tests and a finite element 3D model, the mechanical behavior of the sandwich structures is as follows: (1) The maximum stress load compared to the results using 3D model and experiments shows that the average damage variables are within 24.6%. FEA shows that face yielding and core shear failure play a dominating role in the sandwich grid structure and the number of top skin breakage and damage core indicates the structure failure mechanism, which are in good agreement with the experiments.
(2) Experimental tests were performed to study the failure behavior of both the honeycomb and triangular grid sandwich structure to provide upper estimates for the load-carrying capacity of the structure. The comparison of various structures shows that the carbon fiber reinforced triangular grid structure is much stiffer and stronger than the traditional honeycomb structure.
